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Abstract
In 2013, a real-time collision prevention approach based on static hulls was introduced at the 46th CIRP CMS. The present text describes the 
latest research results in this area. The main focus is the influence of the collision prevention system on the running manufacturing process to 
evaluate the practical use. Therefore, the impact was qualified by investigating the system among industrial conditions. This article describes
the recognized drawbacks and suggests new approaches to compensate them. Central issue is the increased downtime of the process, caused by 
unnecessary or too early stop signals of the systems. One presented approach concerning this problem is the extension of the 2-hull principle to 
3 hulls and the introduction of user-defined target speeds. Another object of investigation was the data provided by the CNC control which is 
used to get detailed information about the current state of the machine tool. It is shown how this state information can be exploited to establish 
a condition system making the used collision prevention approach much more flexible and smarter compared to the solution presented at the 
46th CIRP CMS 2013.
Another fundamental part of the overall approach is the proper modeling of the static hulls. This article extends the existing calculation method 
for the hull distances by considering the jerk. It is shown under which circumstances the jerk has an essential influence on the braking distance 
and therefore on the collision prevention method.
© 2015 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the Scientific Committee of 48th CIRP Conference on MANUFACTURING SYSTEMS - CIRP CMS 
2015.
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1. Introduction
The issue of collision recognition and collision prevention 
for machine tools is still in the focus of the industry. 
Furthermore, collisions are a source of high costs, especially 
with high downtimes. Considering the latest developments 
towards more individual and specialized products and 
machines, collision preventions have become even more 
important [1]. In [2] a hull-based approach to recognize 
potential collisions was presented as contribution to the topic 
of collision prevention. This paper shows the latest results 
within this research area. At first, the old system is presented 
in a nutshell, and the recognized drawbacks are explained.
After that, an extension of the approach is introduced, which
compensates these disadvantages.
The new N-hull-approach and its impacts are described in 
more detail. Among other things, the mathematical basis 
changes and therefore an updated hull calculation is 
presented.
The old system was rigid and unaware of the actual 
situation of the machine tool. Therefore, it was investigated 
how data from the CNC can be exploited to improve the 
collision avoidance system. The results led to a condition 
system presented in this paper.
To assess the new approach the system was tested with a 
given test scenario on a machine tool. The described 
approaches were implemented and tested under real 
circumstances to evaluate the improvements and the 
drawbacks of the extended solution.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the scientifi c committee of 48th CIRP Conference on MANUFACTURING SYSTEMS - CIRP CMS 2015
790   Marco Schumann et al. /  Procedia CIRP  41 ( 2016 )  789 – 794 
2. State of the Art
2.1. General
Collision considerations can be separated into the two 
fields collision recognition and collision avoidance [3]. While 
collision recognition reacts when a real collision occurs the 
goal of collision prevention is to avoid the real collision. In 
particular, collision avoidance can be separated according to 
the designated application; either during the process planning 
as part of the path planning or during the process as 
accompanying part of the machine. The primary focus of 
solutions for the process planning phase is a collision-free 
path with no negative impact on the process. Even correct tool 
orientation on the surface of the work piece is checked with 
such solutions [4]. 
However, a number of unpredictable changes can happen 
during the process. To involve these (most commonly human)
influences a process accompanying approach is necessary.
There is a great difference of the general approaches between 
process accompanying and process planning solutions. While 
process planning solutions are more detailed for the chipping 
process itself and either calculate new path or provide 
parameters for path planning and therefore take more 
computational effort, process accompanying solutions have a 
way higher demand on the computational time and do not 
consider the chipping process itself.
Process accompanying solutions have to work inside of the 
calculation cycles of the CNC unit of the machine tool. This 
means a potential collision must be detected within 2-12
milliseconds. Over the recent years different software systems 
were developed. Most process accompanying systems use a 
virtual model of the machine that is connected to the real 
machine. The solution developed in [5] does an 
approximation on possible machine movements. A simplified 
explanation of the system uses a 2D example. From a current 
state of the machine a single point of the machine (e.g. one 
corner of a cutting tool) has only limited movability. The 
point has already some velocity and acceleration in one 
direction. Now, additional accelerations in different directions
will result in a cone of possible future positions. The size of 
this cone is strongly depending on current and future 
maximum velocities and accelerations.
A different solution developed by the Okuma Corporation1
uses a precast of the programmed tool path. Starting a process 
on a machine tool will result in a short delay of the real 
machine. This delay is used to calculate potential collisions 
with a virtual machine tool model
2.2. Current System
In [2] a new approach was introduced to detect potential 
collisions based on static hulls. The basic idea was to 
calculate the needed braking distance in all possible directions 
and to create a hull around the original geometry of every 
moving machine component.
1
http://www.okuma.eu last access 2015-03-27
The hull size was determined by the maximum feed rate 
and maximum acceleration of the given machine component. 
A reaction term was introduced to cover the communication 
and calculation time. Because one hull based on the maximum 
possible values leads to many unnecessary stops, a distinction 
into inner and outer hull was suggested. This led to the 
2-hull-approach. The outer hull had to cover the braking 
distance for the maximum feed rate. If this hull gets violated 
the feed rate of the machine tool was reduced for a constant 
factor. If the inner hull recognized a collision, the machine 
tool was stopped. Thereby, the machine tool slows down in 
many cases but does not stop at all.
The hulls were modeled on polygon basis, in particular 
triangles. Algorithms to detect triangle intersections are 
well-known and very efficient [6]. To recognize a collision of 
triangle meshes, spatial partitioning algorithms based on 
bounding volume hierarchies can be used. Example given
quadtrees and octrees are such structures ([7], [8]). This 
allows doing collision checks for models consisting of 
400.000 triangles and more in a millisecond time frame. 
However, this assumes that no deforming of the mesh takes 
place. Therefore, the hulls, which build on triangle meshes, 
must be static to guarantee a fast collision check within the 
interpolation cycle of the control.
2.3. Drawback
The hull-based approach was tested on a machining center 
for turning and milling to investigate it under real process 
circumstances. It revealed that the system suffers from 
different problems, whereby the process is disturbed too 
much. One problem is the influence on the process speed. 
Because the outer hull can become very large, the machine 
tool will be slowed down very often to the reduced speed of 
the inner hull. This is undesired because the fastest possible 
process speed is demanded. Even more serious are 
unnecessary stops of the machine tool. Because of the rough 
separation of the braking distance into two hulls, the machine 
tool is also stopped too often. As a consequence the 
machining program is not able to finish while the collision 
avoidance system is active. Hence, the work piece cannot be 
produced. The only possible workaround is to interrupt the 
collision recognition which leads to an unsafe (collision) state 
of the machine tool.
Furthermore, some cases cannot be handled by the system. 
E.g. in principle the collision between work piece and tool 
shaft is desired to remove material. But there are also feed 
motions where a collision is not desired and should be
avoided. This issue cannot be handled by the current system.
As shown in the last preceding paragraphs the current 
collision avoidance system suffers from significant drawbacks 
which restrict the operational capabilities of the approach. 
New solutions are necessary to compensate the recognized 
drawbacks.
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3. N-Hull-Approach
3.1. General Principle
The former 2-hull-approach can easily be extended to an 
arbitrary number of hulls. For every desired target speed a
hull must be defined consisting of a reaction term and the 
deceleration term. E.g. Fig. 1 shows the simplified v-t-
diagrams for two and for three hulls ZLWKǻWr as reaction time.
Fig. 1 v-t-diagram for 2 and 3 hulls.
Separating the stopping distance into various hulls results 
in a more flexible system. The 2-hull-approach only 
distinguishes between full feed rate, reduced feed rate and 
stop. Hence, if the outer hull cracks, the machine tool will be 
slowed down to v1, which is around 20% of the maximum 
feed rate. In many cases this feed reduction is not necessary. 
Hereafter, the process runs slower than possible (e.g. an axis 
moves parallel to another machine component in moderate 
distance). Also the stopping hull is very big because the 
calculation for this hull must be done with the given 20% of 
the maximum feed rate. This results in unnecessary stops of 
the machine tool. Introducing more hulls counteracts to this 
problems. Defining a hull for a slow feed (e.g. around 2 to 
5%) leads to a much smaller stop hull. Common feed rates
can be the basis for further hulls between maximum feed rate
and stop.
Defining more hulls has one drawback. Every new hull 
needs the fix reaction term which arises from the 
communication and calculation time (see chapter 3.3 in [2]).
Therefore, the overall hull size increases with every new hull 
stage in the model which means an earlier potential feed rate
reducing. When determining the concrete hull count for the 
collision model, a balance must be found between the needed 
flexibility and the maximum hull sizes. 3 to 4 hulls seem to be 
a good compromise depending on the concrete machine tool 
und the running process.
Nomenclature
vmax maximum feed of the machine axis
amax maximum acceleration of the machine axis
rmax maximum jerk
N hull count
fi i = 1..n, fi<fi+1 ; feed reducing factors
v0 start speed rate
f speed reduce factor
Starting from the given parameters and the following 
assumptions
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the following recursive functions can be defined to calculate 
the distances for n hulls
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The increasing of the hull count has an effect on the jerk 
consideration. Up to now, the jerk influence was discarded 
with reference to the small impact on the stopping distance.
Further tests had shown that this assumption, although right 
for the old test system, cannot be generalized for all machine 
components. There are several cases where the old hull 
calculation method leads to too small hulls. E.g. if the ratio 
between acceleration and jerk is too small, the distance for 
deploying the acceleration becomes more important. 
Therefore, the jerk influence must be included in the stopping 
distance calculation. Furthermore, some machine axes are 
characterized with a small jerk and thereby are very inertly. 
Also for such kind of axes the jerk consideration is necessary.
To get the deceleration distance with jerk outgoing from a 
given start feed rate to a desired reduced feed rate, the area of 
the function in the upper diagram (Fig. 2) has to be calculated.
Fig. 2 v-t-diagram and a-t-diagram.
For better understanding the curve can be separated into 
two areas: the pure deceleration amount (from v0 to fv0) and 
the rectangular base area (from 0 to fvo). Determining the base 
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area is trivial when t3 is known. Therefore, tr DQGǻW12 must be 
calculated. tr is the needed time to unfold the whole 
deceleration power and can be defined by
max
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r
a
t j                                                                               (6)                                                                     
ǻW12 is the time frame for deceleration phase with the 
maximum brake acceleration and can be calculated by
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The upper curve area can be separated into three parts. 
Outgoing from a constant jerk the general resulting distance is
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Putting sf and sc together results in the final distance 
calculation
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This formula is only valid if the deceleration can be fully 
deployed. This cannot be guaranteed for a small difference 
between start and end speed or for less dynamic machine axes
(it is possible, that the axis must decrease deceleration 
because the desired speed reduction is reached before the 
whole deceleration power is deployed). Hence, it must be 
checked if this condition is fulfilled. If this is not the case, the 
formula derivation has to be adapted for this special case.
4. Condition System based on NC data
4.1. General Principle and Impact
The current hulls represent the needed stopping distances 
for specific target feeds. Because of using only actual position 
values, the hulls must cover potential forward as well as 
backward movements in their calculation. Indeed, a machine 
axis can either move forward or backward, but not both 
together. A distinction would reduce the hull size 
significantly. This example shows that using more 
information than only actual position values can reduce the 
tested collision space and therefore leads to an improvement 
of the system. Consequently, a condition system was
introduced into the collision recognition. The idea is to enrich 
the collision avoidance system with additional information 
provided by the CNC to evaluate the current state of the 
machine tool. In the old system defined tests were always 
executed unaware of the current state of the machine tool. But 
with the aid of a condition system it is possible to provide 
every test with certain conditions. Hence, tests will only be 
executed if their conditions are true. This adds a new 
flexibility to the system and allows to define conditional tests 
depending on of the current machine tool state. Conditions 
were introduced for the following elementary input data: axis 
position, axis speed, work-piece/tool and signal. The 
incoming values can be tested with the logic operators (e.g. 
feed rate of X1 > 0). When appropriate for the input data it 
should be possible to define ranges (e.g. for feed rates or 
positions). Additionally, it is useful to negate condition results 
and to combine several conditions with AND/OR conjunction 
to a group condition.
Tests showed that the general point ‘signal condition’ 
proved the most powerful tool to reduce the potential collision 
space. ‘Signal’ in the given context means any possible 
true-false state that a machine tool can advise, either from the 
PLC or the CNC. E.g. clamping axes is such a signal. The 
information that an axis cannot move due to clamping is 
valuable because it means that a hull without the movement 
part of the affected axis can be used for testing. This new hull 
is smaller than the original one. Therefore, the chance of a 
wrong intervention of the collision avoidance system is also
smaller.
The old system could not distinguish if a collision between 
work-piece and tool is desired (material removal) or not 
(collision). Therefore, this collision case had to be excluded to 
allow processing which led to an unsupervised collision state.
The condition system helps mapping this case. Often, it is 
possible to create a group condition based on actual feed rates 
and spindle speed to distinguish if a material removal is 
desired or not. Furthermore, signals of the CNC can enable 
the desired distinction (e.g. a flag for turning mode). In 
consequence, the proper condition allows adding the collision 
case work-piece – tool to the system and increase the collision 
safety of the overall system.
4.2. Collision Groups
To use the presented condition system all relevant tests had 
to be completed with the proper conditions. With increasing 
number of relevant machine axes this task can become 
cumbersome. Reason is the exponential complexity. E.g. a 
machine tool has two axes with possible clamping which 
should be tested against each other. This results in four 
needed tests instead of one for every hull (clamped vs. 
clamped, unclamped vs. clamped, clamped vs. unclamped, 
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unclamped vs. unclamped). This leads to 9 additional test 
definitions for a 3-hull-system, only for one collision case. To
avoid this definition bloat and make the system more 
maintainable a better approach is needed. Therefore, collision 
groups were introduced. A collision group gets a unique ID
and an arbitrary number of geometry meshes. Every 
(collision) mesh of the group can be provided with a 
condition. The structure is shown in Fig. 3. 
Fig. 3 Structure of collision groups.
E.g. the collision group for a lunette for a given hull stage 
could contain two meshes: one for the unclamped state and 
one for clamped. Now, tests are defined between collision 
groups instead of the meshes. When a test takes place, the 
system checks every mesh of the first collision group with a 
successful condition against every mesh of the second 
collision group with a successful condition. Hence, the system 
resolves the complexity for its own. Regarding to the starting 
example (two axes with clamping) only one test definition is 
necessary instead of four. Additionally, the greatly reduced 
configuration effort leads to more maintainable configuration 
files making the system less error-prone.
5. Practical Test
5.1. Test Setup
As stated above in chapter 2.3, the 2013 presented collision 
avoidance system had a number of drawbacks. The biggest 
issue was the influence of the system on the production 
process. To prevent erroneous and premature collision 
warnings of the system, a condition system was developed. To
prevent unnecessary and process affecting slowdowns of the 
machine tool additional hulls were established. To verify 
these ideas a milling and turning center with 8 machining axes
is used as test setup. As based on a lathe the main spindle is 
used for turning and positioning. A counter spindle is used as 
additional support or to produce the reverted site of the work 
piece. For this the counter spindle can be moved along the 
rotation axis of the spindle. A milling turret with three 
orthogonal axes and one additional rotational axis includes a 
milling spindle. This turret can be used for milling and turning 
likewise. Some example products of this kind of machines are 
crank shafts or turbine parts.
5.2. Tests of the Hull-Concept
For the concept of additional hulls, typical production feed 
rates and safety speeds were used. A concept with three hulls 
was selected for this test bed. Beginning with the outermost 
hull the desired target speed was selected by the highest 
production feed rate commonly used (roughly 6 m/min). The 
second hull was inspired by the used safety velocity 
(2 m/min) for the JOG-mode (manual mode) with opened 
machine door. The JOG-mode with open doors is often used 
during the first commissioning of the machine or a new work 
piece and therefore one of the main machine states, which are 
most vulnerable for collisions. The last hull completely stops 
the machine and prevents the imminent collision. The tests,
done with this hull configuration, have shown a promising 
design with a minimized influence on the machining process. 
The small stopping hulls (roughly 3 mm, depending on the 
machine and axis) lead to very little unnecessary stoppings of 
the machine. However, the tests have shown that the system 
still has some influence on the process. Programming 
positioning commands (commonly used with maximum 
velocity ‘G0’), while machine components are close together, 
will result in a speed limitation according to the feed reduce 
factor of the penetrated hull.
5.3. Tests of the Condition System
To further reduce the influence of the system on the 
process, the condition system was implemented. Conditions 
for a given set of input data from the CNC and the PLC (as 
shown in Chapter 4) can be defined. One of these most useful 
conditions is the clamping of the additional rotational axis of 
the milling turret. Fig. 4 shows the difference of the outermost 
hull of a tool mounted on the milling spindle.
Fig. 4 Static hull for a tool with all possible movements (left) and with 
clamped rotational axis (right).
The effectiveness of this condition can be quantified for 
the test setup as shown in table 1. Although these numbers are 
only valid for the specific machine used in the test setup, this 
demonstrates an impression on impact of this kind of 
condition.
Table 1. Comparison of the hull volumes of the tool.
Tool Hull Volume (cm³) Volume clamped 
(cm³)
Ratio (%)
Outermost Hull 17.623,97 7.390,59 41,93
Safety Velocity Hull 1.250,79 754,26 60,30
Stopping Hull 508,15 347,51 68,39
The condition of a clamped axis can also be used for a 
steady rest or the carrying axis of a counter spindle or tail 
stock. Although the absolute volume of the reduced hulls will 
not be as big as for the tool shown above, the impact of this 
condition on the process is equally large. The clamping of 
z-axis of the steady rest or tailstock results in a complete 
B1_clamped
L1_clamped
...
B1 vs L1
Scene graph nodes
TestsGroups
B1 group
L1 group
Conditions
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deactivation of the hulls in this direction. In this case the 
simplified CAD geometry of the steady rest is used for the 
collision detection algorithm. This way cutting very close to 
the steady rest or the tailstock is possible.
As mentioned in chapter 2.3, correct collision detection 
between work piece and tool was nearly impossible. The 
condition system offers a great opportunity to distinguish 
between the two cases positioning of the tool and cutting, as
cutting of a work piece can only occur if the spindle is turning 
at some minimal speed. In case of the test setup the machine 
has three potential cutting states. Milling will only occur if the 
milling spindle turns with a minimal speed. However, the 
main spindle (turning spindle) may or may not turn in this 
case. Turning will occur when the main spindle has at least 
the minimal turning speed; the milling spindle in this case is 
not turning. Mill-turn can be handled as a milling case with 
additional turning of the main spindle. To perfectly represent 
this three cutting states in the condition system and 
distinguish them from positioning, the machine state in the 
PLC (milling or turning) is used in combination with a speed 
range for both spindles.
Often, extensions of the machine like cooling nozzles or 
supporting machine parts are not designed with a 
measurement system. The movement of these parts is 
controlled by the PLC, commonly driven with pressure 
systems. In this case signals of the PLC can be used to switch 
corresponding hulls. E.g. during the nozzle movement the 
complete motion area is activated as collision hull. A similar 
case is a machine part which moves indirectly following 
another part (e.g. a chain for cables connecting two sleds). For 
this, different states (with different hulls) of the chain are 
constrained to different sled positions.
Introducing the condition system has greatly increased the 
flexibility of the system. However, there are still two main 
drawbacks of the improved system. The first drawback is the 
needed number of hulls. The increased number of hulls and 
the additional hulls for different conditions can easily double 
the number of all hulls. Some parts, e.g. the tool, can have up 
to 10 hulls, even more if the number of distinguishable 
conditions increases. The second drawback is a general 
drawback of the static hull principle itself. Even with the 
condition system the static hulls might reduce the current 
machine speed, up to stopping the process, if moving close to 
machine parts or the work piece (other than the cutting part of 
the tool). The influence of this drawback can only be 
minimized but never completely eliminated. This leads to the 
suggestion that for machines with such kind of collision 
avoidance system new workflows and guidelines for 
productive working and commissioning should be developed. 
As example increasing the distance between tool and work 
piece will increase the maximum possible velocity; depending 
on the positional distance the decision for additional spacing 
movements must be made. However, for a fully tested 
NC-program the collision avoidance system can be 
deactivated, leaving only the commissioning phase and 
manual movements as important supervision cases. In these 
cases the speed restrictions do not matter.
6. Conclusion and Future Work
It is hard to develop a fast, robust and accurate collision 
prevention system. It was shown that the former 
2-hull-approach (despite their advantages) suffers from 
serious disadvantages. Main problem are the too early and 
wrong feed rate reductions. This is a consequence of 
separating the braking distance only into two areas. As a 
result many processes cannot run to the end because the 
machine tool is stopped by the collision prevention system 
without a real necessity. Therefore, an extension of the system 
to an n-hull-approach was suggested. This approach required 
an adjusted hull calculation, because the jerk influences the 
hull sizes significantly under some circumstances. Therefore, 
the derivation for one case was shown.
Furthermore, the former system only used actual position 
values. It was investigated how using more information 
provided by the CNC could optimize the collision testing and 
suggested the introduction of a condition system. Therewith, 
it is possible to provide tests with (optional) conditions, which 
control if a test will be executed or not. This adds a new 
flexibility and enables the opportunity to test more cases than 
the old system. E.g. it is possible to distinguish if a collision 
between work-piece and tool is desired (material removal) or 
not (collision). Likewise, the condition system reduces the 
amount of too early stops because the (situation) relevant 
collision space can be reduced essentially with a proper hull 
configuration based on conditions.
Up to now, the system was tested on one type of machine 
tool. To get more detailed information how the system 
performs on other machine tools and to investigate the process 
influence in more detail, further testing is necessary.
Another point of interest is the hull creation. Modelling 
these hulls manually is a huge workload and time consuming. 
Therefore, an automatic hull creation would improve the 
handling and would allow new algorithms.
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